Las Cumbres Observatory Global Telescope Network (LCOGT) has built the Network of Robotic Echelle Spectrographs (NRES), consisting of four identical, high-resolution optical spectrographs, each fiber-fed simultaneously by up to two 1-meter telescopes and a calibration source. Two units have been installed and are currently executing scientific observations. A third unit has been installed and is presently in commissioning. A fourth unit has been shipped to site and will be installed in mid 2018. Operating on four separate continents in both the Northern and Southern hemispheres, these instruments comprise a globally-distributed, autonomous spectrograph facility for stellar classification and high-precision radial velocity of bright stars. Simulations suggest we will achieve long-term radial velocity precision of 3 m/s in less than an hour for stars with V < 12. Radial velocity precision of 75 m/s has already been demonstrated with our automatic data-processing pipeline across multiple sites. Work is ongoing to improve several NRES system components including telescope control (robotic source acquisition in particular) and the data-processing pipeline. In this document we briefly overview the NRES design, its purpose and goals, results achieved to date in the field, and the ongoing development effort to improve instrument performance.
INTRODUCTION
The Las Cumbres Observatory Global Telescope Network (LCOGT) has successfully deployed and now operates a worldwide network of research-grade optical telescopes across the world. As of today (May 2018), the network comprises two 2-meter telescopes, nine 1-meter telescopes, and ten 0.4-meter telescopes in both the Northern and Southern hemispheres with additional sites under construction (see Figure 1 ).
All telescopes are equipped with imagers and numerous photometric filters. Additionally, the 2-meter telescopes are equipped with the FLOYDS low resolution slit spectrographs. For more information about the telescopes, mission, network operation, and software development, see reference 1. For a summary of the first two years in operation, see reference 2.
Exoplanets and Spectroscopy
The recent explosive growth of exoplanet discovery and characterization has significantly increased the need for high-resolution spectroscopy. The number of known exoplanets has increased rapidly in recent years with almost 4000 as of this writing. 3 As predicted by the Astro2010 Decadal Survey, instruments capable of stellar classification and high-precision radial velocity (RV) of relatively bright stars (V ≤ 12) are in increasingly high demand as a result.
For transiting exoplanet surveys specifically (such as SuperWASP, 4 HATNet, 5 and KELT 6 ), the need for spectroscopy is two-fold. Firstly, spectroscopic observations of candidate host stars are used to identify and eliminate astrophysical false positives such as eclipsing binaries. Secondly, stellar radial velocity (RV) measurements are used to extract orbital elements and infer the masses of the host star and its companion(s). This process may be further complicated by the need to sample the orbit if its period is close to 24 hours. Even for fairly bright stars, this is a time-consuming endeavor. Additionally, long-term RV monitoring is also able to uncover additional planets at longer periods.
NASA's Transiting Exoplanet Survey Satellite (TESS) mission 7 will conduct a full-sky survey of bright (V ≤ 12) stars for new transiting exoplanets and will have similar spectroscopic needs, exacerbating the growing shortage of time for high-precision spectroscopy. Follow-up of TESS targets will be crucial in order to identify the best candidates for detailed study by future space missions such as JWST.
Advantages of a Global Network
LCOGT has developed the Network of Robotic Echelle Spectrographs (NRES) to meet this growing need. Today, NRES consists of four identical, fiber-fed, temperature-controlled, cross-dispersed echelle spectrographs attached to LCOGT's 1-meter telescopes. Our simple optical design permits high resolution (R ∼ 53000), high optical throughput (up to 20%) over a wide wavelength range (390 -860 nm) with a science goal of ∼ 3 m/s RV precision. More detail about the optical system is provided in §2 and in Figure 2 . Key optical components for an additional three units are in production, allowing a potential future NRES expansion to six total sites (with one spare).
The resulting network will function as a single instrument for highly efficient high-resolution spectroscopy. The distributed approach confers numerous advantages. Most obviously, use of multiple sites provides weather redundancy and broad longitude coverage. The ability to observe from a variety of longitudes enables rapid response (it is likely to be night somewhere now ) and also simplifies execution of time-specific observations such as observing a specific orbital phase (because it is likely to be night somewhere when needed ). As noted above, this phase coverage problem is particularly severe for orbital periods near a multiple of 24 hours.
The networked approach also enables new observing modes that may be very useful for specific applications. One such mode is continuous observation across sites. In theory, the user is able to obtain a continuous time series that lasts longer than the duration of any one night. Analyses that require a long time series of high-resolution spectra (such as Doppler tomography for long-duration transits) may benefit significantly from this capability. Another observing mode consists of simultaneous spectra and imaging using multiple telescopes at the same site.
Deployment Status
LCOGT operated a reduced-resolution (R ∼ 25000) prototype spectrograph at our Santa Ynez, CA test site from 2013 to 2017. Experienced gained with this prototype helped us find and fix numerous hardware design problems and also provided a platform for NRES-specific software development. More information about the prototype-specific activities can be found in reference 8.
Assembly of the first production unit (NRES1) was completed at the end of 2016. This spectrograph was shipped to CTIO (Chile) and installed in early 2017. After a commissioning and bug-fixing period, this unit was released to the community for shared-risk science observations starting in August 2017. Apart from ∼ 8 weeks of maintenance downtime, it has been in continuous use since.
The second and third NRES units were installed in Texas and South Africa, respectively, in late 2017. The NRES2 node in Texas was released after a commissioning period and has been in continuous operation for over 6 months. The NRES3 spectrograph was successfully installed in November 2017 but suffered a CCD component failure soon thereafter. It is expected to begin science operations later this year.
The fourth NRES unit was built and shipped in late 2017. It has arrived on-site at Wise Observatory (Israel) with installation scheduled for June/July 2018. Barring significant complications, this node will also enter science operations in the fall of 2018, completing the NRES network. 
SPECTROGRAPH DESIGN OVERVIEW
NRES is a cross-dispersed echelle spectrograph with double-pass design (see Figure 2 ). Dispersion and crossdispersion are performed by an R4 grating and 55-degree prism, respectively. Light enters the instrument through 67-micron (2.75 arcsec diameter on sky) octagonal optical fibers and is then reflected by a turning mirror into the collimator and towards the dispersive elements. After dispersion, the light makes a second pass through the collimator, this time focusing it onto the CCD. The sensor is a 60mm 4K x 4K Fairchild 486 CCD with 15-micron pixels. The resulting resolution is R ∼ 53000 over a wide wavelength range (390 -860 nm, spanning 67 orders). See Figure 3 for a photo of the spectrograph and optical bench including a true-color photo of a lamp spectrum. High throughput (∼ 20% peak) is achieved by minimizing the number of surfaces and thus the opportunities for light losses. For a more detailed description of the optical design, see reference 9.
A small amount of light (∼0.5%) is reflected off the initial prism surface. A mirror and spotting scope collect this stray light and feed it to an exposure meter operating in near-real-time. Tracking the flux on each fiber with few-second cadence will allow us to prevent overexposure, truncate exposures based on a target signal-to-noise ratio, and produce true flux-weighted time stamps in our analysis. This system does not yet work as intended; see §5.2 for details.
Each NRES unit accepts light through a three-fiber ("trifurcated") cable consisting of octagonal fibers with Figure 2 . Left: NRES double-pass optical design schematic as seen from above (top) and side (bottom). After entering the instrument by fiber, light is directed by mirror into the collimator. The collimated light encounters the prism, grating, and prism again (cross-dispersed) before passing through the collimator a second time to focus light onto the detector via field flattener (far left). The relatively small number of surfaces helps maximize throughput. Right: expected total NRES system efficiency, including both spectrograph and telescope optics. Measured efficiency in the field is consistent with these predictions after accounting for mirror degradation on a per-telescope basis.
67-micron diameter. The middle fiber connects to a calibration unit with a Thorium Argon (ThAr) lamp for wavelength calibration and a Tungsten Halogen lamp for flat-fielding. Each of the two "star fibers" carries starlight to the spectrograph from one of the 1-meter telescopes through its attached Acquisition and Guiding Unit (AGU). For sites with a single 1-meter telescope, one of the fibers is left dark. A typical image from the spectrograph includes starlight from a single telescope and ThAr calibration light on an adjacent channel (example shown in Figure 4 ).
At the focal plane of the telescope, each 67-micron fiber subtends ∼ 2.75 arcseconds on the sky (diameter). This is larger than the typical seeing disc at our sites, ensuring that high throughput is maintained under most conditions. Assuming a Gaussian PSF and ideal star placement, our fiber diameter collects ∼ 99.5%, ∼ 96.5%, and ∼ 90.2% of starlight in 2-, 2.5-and 3-arcsec seeing, respectively. Simultaneous wavelength calibration is performed for all science images using ThAr lamp light on a dedicated calibration fiber adjacent to the science fiber. Fiber-to-fiber differences in wavelength solution are measured using special "double" calibration spectra with the same ThAr light simultaneously collected on two adjacent fibers. Using a separate fiber for wavelength calibration introduces some slight errors to the measurement, but these should be negligible if the instrument temperature and pressure are held to our specified stability level.
ACQUISITION AND GUIDING UNIT
The Acquisition and Guiding Unit (AGU) is installed on each NRES-connected telescope. It is the interface between the telescope (or lamps) and science fiber for both science and calibration data collection. During science observations, the AGU provides a view of the sky to identify the target, position it onto the science fiber, and make fine guide adjustments during the exposure. For calibration, the AGU redirects spectrograph lamp light into the science fiber for flats and tracing (with Tungsten Halogen) or fiber-to-fiber wavelength calibration (with ThAr).
Optically, the AGU consists of a curved mirror with a 225-micron pinhole bored through its center. The science fiber is affixed behind this pinhole. Light that passes through the pinhole is re-imaged onto the fiber by a lens and carried to the spectrograph. Light that misses the pinhole reflects off the mirror to a camera lens that produces an unvignetted 9' x 11' image on the acquisition camera (Atik 460EX). The resulting image appears . Left: Example Acquisition and Guiding Unit (AGU) full-frame image from the NRES3 spectrograph in South Africa. The field-of-view is roughly 11' x 9' with 0.25"/pixel. 2x2 binning is used under normal operation to provide 2-second readout with a useful 0.5" / pixel. The black dot near image center is the pinhole behind which the NRES spectrograph fiber is attached. Right: Enlarged cut-out of the pinhole region during guiding after a successful acquisition with NRES1 in Chile. To cope with varying fiber position (due to movement of optical components), specialized algorithms are used for on-the-fly pinhole detection and star centering.
as normal sky with a black hole in the center (see Figure 5) . With a projected diameter of 100 microns, the octagonal fiber core fills roughly 25% of the pinhole area.
Achieving robotic operation on-sky required a significant software development effort. Some of the necessary components were developed in advance to support a prototype NRES spectrograph near LCO headquarters. More information about the prototype-specific efforts can be found in reference 8. The production AGU differs in a number of ways from our prototype and work remains to achieve reliable acquisition (partly due to unexpected hardware quirks, see §5.3).
Development has continued at a fast pace as the production NRES spectrographs have been deployed. Basic operation of core mechanisms such as shutters and filter wheels is now very reliable. Higher-level tasks including telescope control and some aspects of scheduling remain in development. Acquisition in particular continues to be a difficult problem due in part to unexpected AGU hardware quirks.
IGLOO AND ENVIRONMENTAL CONTROL
Reaching our science goal of 3 m/s radial velocity precision requires strict control of the spectrograph operating environment. In particular, we require RMS internal temperature and pressure stability of 0.01 C and 3 mPSI, respectively. We achieve this using a multi-stage design. A schematic is shown in Fig. 6 and an interior photo of a production unit is included in Fig. 7 .
Each NRES spectrograph is housed in its own enclosure called an "Igloo." The Igloo is a modified refrigerated reefer shipping container (inexpensive, well-insulated, and standardized) that provides a cost-effective starting point for our environmental control needs.
This container is modified in several ways to improve its performance as a spectrograph enclosure. To widen its operating range, we added additional insulation and replaced its oversized HVAC system with a smaller, ductless Mitsubishi (the same model already employed in our telescope domes) that can provide heating as well as cooling. The addition of heating capability allows us to maintain a steady optical bench temperature when significant heat loads are eliminated due to malfunction or service. To ensure uniform interior temperature, highspeed fans are installed in key positions to rapidly circulate air throughout the structure. With fan-assisting Figure 6 . Schematic of the NRES "Igloo" enclosure that provides the needed environmental stability. Each NRES Igloo consists of a refrigerated reefer shipping container with a number of key modifications. The original heavy-duty HVAC is replaced with a ductless Mitsubishi model offering remote control plus heating in addition to cooling. High-speed fans at key locations are used to greatly increase the air circulation rate. Most importantly, we use a plastic thermal tent structure with servo-controlled intake and outflow fans to create an isolated room-within-a-room that reduces air temperature fluctuations surrounding the spectrograph by a factor of 5-10 more than what could be done with the outer A/C alone. circulation, the Mitsubishi HVAC unit is able to maintain temperature to ∼ 1 degree C RMS in the outer portion of the Igloo.
Inside the Igloo, the spectrograph is enclosed in an insulating plastic tent, effectively creating a room within a room. This tent is equipped with servo-controlled intake fans that actively regulate the amount of cooled air that bathes the spectrograph using feedback from air temperature sensors located beneath the instrument. This combination of fans and thermal barrier has outperformed its expectations, reducing temperature variations by a factor of 5 or 10 relative to the main compartment. This provides a thermally stable environment (RMS variation ∼ 0.2 degrees C) in which we can install the instrument.
The spectrograph optics reside inside a double-walled, pressure-sealed, insulated chamber with a long thermal time constant. The walls of this chamber contain sensors and heaters that we use to ensure a constant temperature. The placement of these heaters also provides us the flexibility to mitigate temperature gradients within the instrument as necessary. Additional heaters and sensors are installed on the exterior of the CCD dewar and the cryogen delivery lines inside the chamber. Foam insulation surrounds the dewar and line heaters to prevent direct interaction with the spectrograph. Lastly, bench and air sensors inside the spectrograph allow us to measure interior temperatures and identify gradients (and correct them actively with the chamber temperature servo).
The optics chamber is fed a steady stream of dry air at a slight positive pressure of roughly 0.5 PSI above ambient conditions. The 0.5 PSI buffer is chosen to be maintainable year-round (it is significantly beyond the reach of weather-induced fluctuations) while still minimizing air loss. In practice, a single 2600 PSI tank provides 6-9 months of operating time. Each Igloo has two air cylinders, one active and one spare, which makes tank transition seamless and ensures plenty of time to obtain replacements. An added benefit of positive pressure is reduced risk of particulate contamination. One consequence of this approach is that the different units will have different internal pressures.
HARDWARE ISSUES IDENTIFIED SINCE INSTALLATION
A number of (mostly) minor issues have been identified with our design since installation. Many of these are slated to be fixed with future hardware upgrades that take place during routine servicing.
Cryo System Insulation
The main CCD in each NRES unit is cooled by a CryoTiger unit to its operating temperature of -90 C. Coolant is delivered to the CCD dewar through braided steel hoses that pass through the spectrograph interior. As noted above, these hoses and the CCD dewar are insulated and temperature-controlled in order to minimize influence on the spectrograph interior. In practice, the heating elements on the cryogen delivery line are significantly underpowered and cannot maintain the desired set-point for the entirety of the CryoTiger cooling cycle. This leads to slight changes in the measured spectrograph air temperature. We believe that an additional insulation layer separating the cryo lines from its attached heaters and sensors will reduce the cooling load enough to eliminate this problem.
Exposure Meter Misalignment
In an effort to maximize the stability of the spectrograph interior, we chose to place the exposure meter camera (with its fan and time-varying heat load) outside the spectrograph chamber. To achieve this, the spotting scope and related components (described above) re-image the spectrograph input fibers onto a separate set of output fibers which exit the chamber and connect to the exposure meter camera. This scheme requires that the spotting scope alignment be precisely maintained over a long period of time.
Unfortunately, we have found in practice that our spotting scope alignment drifts significantly despite a number of modifications to hold its optics in place. This alignment drift has led to near-total light loss in all three NRES units, effectively disabling the exposure meter. One possible solution is installation moving the exposure meter camera (or a low-power variant) inside the chamber. Installing these cameras at the focal plane of our spotting scopes would effectively eliminate the alignment requirement and produce a working exposure meter with no changes to the optical design.
AGU Internal Component Drift
The AGU has a number of internal components that must remain in alignment for optimal performance. We have found that the pinhole mirror (behind which the fiber is attached) appears to settle or move in most of our production units. If this moves, the pixel position of the fiber as seen by the AGU camera also changes, producing a (slowly) moving target for source acquisition. Fortunately, this issue has been largely resolved through the development of more sophisticated algorithms that adjust on-the-fly to ensure proper placement of the target on the fiber.
SPECTROGRAPH OPERATIONS AND PERFORMANCE
An automated data-reduction pipeline exists to process NRES spectra in real-time and make its outputs available to users. This pipeline handles both calibration and science data. Calibration data are obtained during the day and processed as necessary prior to the start of nightly observing. Science data taken at night are then reduced in real time using the latest calibration products. Numerous outputs, including a radial velocity measurement, are made available to users generally within a half an hour of the end of the spectrum. A brief operational overview follows below.
Calibration Data
NRES uses several different types of calibration data, all of which are collected daily during daytime hours. A brief summary of the different calibration types and their purposes follows below.
Biases and Darks
NRES obtains daily biases and darks for basic 2-D calibration. Each day, we obtain 5 bias frames and 3x 900-second dark frames. These are combined, scaled, and applied in the usual fashion to remove dark current from other (lamp-based) calibrations and science data.
Lamp flats
Lamp flats are spectra of a broad-band, featureless light source (a filtered Tungsten Halogen lamp in the NRES calibration unit) used for two important tasks: tracing and flat-fielding. Tracing is the process of identifying which pixels on the detector will receive light so that spectra can be extracted. Flat-fielding is the process of correcting pixel-to-pixel CCD variations so that the instrumental signature is minimized. NRES lamp flats illuminate two fibers at a time: one science fiber plus the calibration fiber. For sites with two connected telescopes, lamp flats must be acquired in each configuration (i.e., fiber1 + fiber2 and fiber2 + fiber3).
Doubles
Doubles are spectra of source with known spectral features (a filtered Thorium Argon lamp in the NRES calibration unit) illuminating two adjacent fibers that are used to establish a wavelength solution. For each fiber, the wavelength solution consists of an order-by-order mapping of pixel position to wavelength. The wavelength solutions of the two illuminated fibers are compared in order to measure the wavelength offset between them. This measured offset is then used to establish the wavelength solution in science spectra.
Science Observations
Science observations consist of starlight from a connected telescope on one fiber plus simultaneous ThAr calibration light on an adjacent fiber. Both the star and ThAr spectra are extracted from each image using the traces produced earlier from lamp flats. After extraction, a wavelength solution is found for the ThAr spectrum. Finally, the wavelength solution of the star spectrum is inferred by applying the wavelength offset derived from a recent double to the simultaneous ThAr solution from the science frame, resulting in a wavelength-calibrated star spectrum. A radial velocity measurement is produced by first measuring the wavelength shift between this spectrum and a stellar template (at zero velocity) using a cross-correlation technique and then subtracting the component of Earth's velocity along the line of sight to the target.
Performance and Results
Although development is ongoing, reliable automated results have been obtained using the basic method outlined above. Importantly, the technique employed here ensures that the different individual spectrographs produce data that are mutually compatible.
An example of a multi-site radial velocity curve is shown in Fig. 8 . This object is an eclipsing binary with eccentric orbit identified by the KELT transit survey. This example exhibits RMS residuals of roughly 1 km/s. The large scatter for this particular case is likely due to contamination by the other star in the system and is not an indication of a fundamental precision limit. The typical SNR for "elp" and "lsc" data points in this set are 75 and 25, respectively, caused by a significant difference in telescope throughput. Nevertheless, it is very encouraging that the different NRES units produce consistent results.
Significantly better RV precision has been demonstrated with high-quality spectra. Fig. 9 shows RVs of Procyon derived from high-SNR spectra obtained with NRES1 at CTIO over a month. The measured scatter is 75-80 m/s for this data set, indicating that significantly improved precision is possible. Results are expected to improve further as pipeline development proceeds.
CONCLUSIONS
LCOGT has built and is deploying NRES, the Network of Robotic Echelle Spectrographs, to its fleet of 1-meter telescopes. Four spectrographs in total have been constructed, two of which have already begun science operations with two more available before the end of the year. Distributed across four continents in the Northern and Southern hemisphere, NRES provides the community with much-needed high-resolution spectroscopic followup resources capable of stellar classification and high-precision radial velocity.
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